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(54) l\/lagnetic catheter tracker and method therefor 



(57) A metiiod and system for tracking an object (3) 
within a volume, includes coupling a rotating magnetic 
dipole (2) to the object (3), measuring (4) the magnetic 
fields either remotely, on the surface of, or exterior to the 
volume, to produce nieasurements; and based on the 



measurements, determining the position and the orien- 
tation of the magnetic dipole (2), thereby to determine a 
position and orientation of the ot)ject (3). 
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Description 

[0001] The present invention generally relates to a 
system, apparatus and method for tracking an object in 
a body or region, and more particularly to a system, 
apparatus and method for determining the position and 
orientation of a probe, such as a catheter, In a volume 
such as a human body by tracking the position of a 
rotating magnet or oscillating magnetic dipole that is 
placed in or on the probe or catheter. 
[0002] Generally with the existing technology and 
techniques, it has been very difficult to locate in three 
dimensions an object in a three-dimensional volume. 
Most conventional systems use separate two-dimen- 
sional Images of an area of interest. However, the exact 
relative positions of the separate images are unknown, 
because the accuracy of the conventional methods for 
determining the location of the images is poor. Hence, 
finding an object in a three-dimensional volume, such 
as a human body, has been difficult, if not impossible, 
with the conventional techniques. 
[0003] In many surgical procedures, physicians must 
insert probes (e.g., catheters) into the human body, and 
later must detect the position of the catheters for addi- 
tional treatment, investigation, manipulation, removal 
from the body, etc. 

[0004] Typically, the positions of the catheters are 
measured using a simple x-ray imaging system such as 
a fluoroscope or the like. However, this system images 
primarily in two dimensions (e.g., as shown in Figure 2) 
and is incapable of indicating the exact angular orienta- 
tion of the catheter around its long axis. Precise quanti- 
tative information of the positbn of the catheter in the 
three spatial dimensions and the three orientation 
angles would be of great benefit. 
[0005] For example, when a physician uses an ultra- 
sonic transducer mounted on the rotating tip of a cathe- 
ter imager to image the plaque in a person's arteries 
near or around the heart, the physician receives a 
series of two-dimensional Images from the ultrasonic 
imager as the catheter is pulled through the blood ves- 
sels. However, the exact relative positions of the sepa- 
rate images are unknown, because the accuracy of the 
present methods for determining the location of the 
images Is poor and incapable of measuring the orienta- 
tion angles of the catheter. In any application where 
catheters or Instruments must be placed into or next to 
the human body in a medical procedure, precise quan- 
titative information of the precise location and angle of 
each probe would be of great value. 
[0006] Moreover, extending beyond the problem of 
tracking a catheter in the human body, there are many 
situations where measuring the exact position and ori- 
entation of an ot)ject using remote sensors would be 
highly benefictat. 

[0007] According to the present invention, there is pro- 
vided a method of tracking an object according to claim 
1 and a system for tracking an object in a volume 



according to daim 1 1 . 

[0008] The invention provides a system, and method 
for accurately tracking a probe (e.g.. catheter) in a 
three-dimensional continuum by either utilizing a pre- 

5 existing rotating motion of the probe (or by adding a 
rotating motion to the same), and attaching a small per- 
manent magnet to the probe. 
[0009] Preferably, an extremely small (e.g.. approxi- 
mately 1-2 mm^) but powerful (e.g.. on the order of 

10 about 10'^ Amp • m^) rare-earth magnet is positioned 
on a probe or the tip of a catheter. 
[001 0] With the present invention, the tip of the probe 
or catheter must rotate (or be made to rotate) around 
some axis. Such an alteration of the probe or catheter Is 

15 inexpensive and relatively simple on those probes or 
catheters that already have such a rotating motion. 
Rotating motion could be added to those probes or 
catheters that do not already rotate (e.g.. through a 
motor or the like), which again would be an inexpensive 

20 and simple retro-fit in many situations. 

[001 1 ] When the probe or catheter is In the volume or 
body of Interest, magnetic field sensors placed around 
the volume, or next to the body, record the magnetic 
fields generated by the rotating magnet on the prol>e or 

25 catheter. 

[0012] Using the outputs of the magnetic field sen- 
sors, mathematical algorithms and a computeryproces- 
sor can determine the exact position and orientation of 
the magnet, and hence the exact position and orienta- 
30 tion of the probe or catheter. This allows exact positional 
information to be recorded as the probe or catheter is 
moved. 

[001 3] Preferably, the invention provides a system and 
method for accurately tracking the position a rotating 
35 ultrasonic catheter in a human body by using magnetic 
tracking. 

[0014] For an ultrasonic catheter, the computer con- 
structs a three-dimensional image of all the separate 
two-dimensional ultrasonic images obtained from the 
40 imager. 

[0015] Thus, with the present invention, a magnet Is 
attached to the tip of a catheter, and when this catheter 
is placed inside the body (e.g.. blood vessels), magnetic 
field measurements exterior to the body can accurately 
45 determine the position and orientation of the magnet, 
and, hence the position and orientation of the catheter 
[0016] Emlxxiiments of the invention will now be 
described with reference to the accompanying draw- 
ings, in which: 

so 

Rgure 1 A Is a block diagram illustrating a system 
for tracking an object according to the present 
invention; 

55 Figure IB Illustrates a coordinate system for use 
with the present invention; 

Figure 2 illustrates a schematic, two-dimensional 
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image of an artery from an ultrasonic imager; 

Figure 3 illustrates a schematic, three-dimensional 
image using the system and method according to 
the present Invention; 

Figure 4 Illustrates a schematic digital lock-in for a 
computer 8 according to the present invention; and 

Figure 5 is a flowchart of the steps of the process 
(e.g.. an inversion method) for tracking the object in 
a body according to the present invention. 

[CM)1 71 Referring now to the drawings, and more par- 
ticularly to Figure 1 A. there is shown a block diagram of 
the system for tracking an object (e.g., such as a cathe- 
ter) in a body (e.g., such as the human body). 
[0018] As shown in Figure 1 A, a system 1 is provided 
for tracking a magnetic dipole 2 attached to a first end 
(e.g., tip) of an elongated probe (e.g., a catheter in the 
exemplary application) 3. For example, the magnetic 
dipole preferably includes a rotating permanent magnet. 
The magnet is preferably extremely small (e.g., approx- 
imately 1-2 mm^) but powerful (e.g., on the order of 
about 10"^ Amp • vr?) rare-earth magnet is positioned 
on a probe. While not as prefenred for the present inven- 
tion as the rotating rare earth magnet it is conceivable 
that an electromagnet with a constant cun-ent. an elec- 
tromagnet witfi an alternating current applied thereto, or 
the tike could be used with suitable modifications, as 
would be known by one of ordinary skill In the art taking 
the present specification as a whole. 
[001 9] A second end of the catheter 3 is for Insertion 
into a body of interest (e.g., a human body). The cathe- 
ter 3 may have any diameter. For example, in one imple- 
mentation, the catheter 3 has an outer diameter of 1 
mm. 

[0020] As shown in Figure 1A, the present invention 
measures the magnetic field at a plurality (e.g., two or 
more) of positions. The measurements are made with a 
magnetic sensing device (e.g., magnetometer) 4, such 
as a SQUID, a flux gate, a magneto-resistive sensor, a 
hall probe, or the like. Preferably, a 3-axes magnetome- 
ter is used as the magnetic sensing device. However, 
configurations are possible with 1-. 2-. or 3*axis (or 
more) sensors. However, a sensor having 3 axes is pre- 
ferred, with a 6-coordinate display being shown in Fig- 
ure 1B. 

[0021 ] In the implementation shown in Figure 1 A. the 
magnetometers 4 are preferably mounted In the corners 
of a substrate or in other suitable positions based on 
operating characteristics and designer constraints. 
[0022] It is noted that while four magnetometers are 
shown in Figure IB. only two magnetometers are 
needed to localize the rotating magnet 2. Hence, any 
configuration of stationary magnetic sensors could be 
used. An algorithm used by the present invention allows 
an artMtrary orientation, and/or positioning, but requires 



at least two magnetometers to be placed at different 
positions. As mentioned above, the magnetometers 
preferably comprise a three-axes magnetometer. 
[0023] The outputs of the magnetometers 4. repre- 
5 senting the values of the magnetic fields, are provided 
to a control box 5 for operating the magnetometers. The 
control box 5 is available commercially, or alternatively 
may be constructed by one of ordinary skill in the art by 
assembling standard electronics for operating the mag- 
to netometers. 

[0024] It is noted that there are three outputs for each 
magnetometer 4 (although only one is shown for con- 
venience and brevity in Figure 1A). In other words, in 
the system as shown In Figure 1 A, there are 12 outputs 
15 total, since there are provided four magnetometers 4. 
[0025] The outputs of the control box 5 are filtered by 
filters 6. Specifically, a filter box 6 including a plurality of 
filters is for providing a band pass around the rotational 
frequency of the magnet, vkrtiich helps reduce environ- 
20 mental noise signals from affecting the output of the 
tracker. 

[0026] The output of the control box 5 represents the 
oscillating magnetic field that each of the magnetic sen- 
sors 4 is recording. 

25 [0027] Filters 6 preferably comprise a Ijand-pass filter 
at the rotational frequency of the magnet. Preferably, 
there is a filter 6 provided conresponding to each mag- 
netic sensor 4. Alsa tiiere can be a gain In the f ilter box 
electronics (e.g., typically a gain of about 10 to 100, but 

30 of course any gain can be provided depending upon the 
designer's constraints and requirements). 
[0028] Thereafter, the output of the filters 6 is digitized 
by an analog-to-digital (A/D) converter 7, in order to 
input digital values representing tiie magnetic fields Into 

35 a computer (processor) 8. 

[0029] It is noted that a motor 20 is preferably provided 
for rotating the magnet 2. The motor 20 also provides an 
AC reference synchronization signal (e.g., for synchro- 
nization with the magnet) to the A/D converter 7. The 

40 motor 20 is provided on one end of the probe (catheter), 
and the magnet is provided on tiie other end of the 
probe, as shown in Figure 1 B. 
[0030] As mentioned above, a schematic two-dimen- 
sional image of an artery wall 20 from an ultrasonic 

45 imager (e.g. 10 as shown in Rgure 1) is shown in Figure 
2. Such a two-dimensional schematic is similar to tiiat 
provided by the conventional systems and techniques. 
The artery wall includes plaque 21 formed thereon, 
tiiereby reducing tiie cross-sectional area of the artery 

so for carrying blood 22. Heart tissue 23 is shown sur- 
rounding the artery in tiiis exemplary application. 
[0031 ] In contrast to the schematic image of Rgure 2, 
a schematic three-dimensional image using a rotating 
magnetic tracking (e.g.. made possible by tiie rotating 

55 shaft 9 coupled to the catheter 3 as shown in Figure 1 A) 
according to the present invention is shown in Rgure 3. 
As shown, the positioning of the catheter is made much 
more accurate witii the rotating tracking metiiod and 
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positioning of the catheter 3 in regard to an artery 30 
and the plaque build-up 31 therein can be detected reli- 
ably and accurately. 

[0032] As shown in Figure 4. the architecture of the 
computer 8 preferably comprises a direct current (DC) s 
level shifter (subtractor) 40 to i-educe the offset from 
zero of the average magnetic field, a digital lock-in unit 
50 (preferably approximated in software for each of the 
input channels), and an algorithm processor 60 for per- 
forming the inventive algorithm, and specifically the io 
inversion method discussed below, to select/provide a 
result. It Is noted that, while the digital lock-in unit 50 
preferably Is approximated in software according to the 
present invention, the digital lock-in unit alternatively 
could be provided in hardware as would be known by is 
one of ordinary skill in the art taking the present inven- 
tion as a whole. 

[0033] The digital lock-in is achieved by recording a 
reference signal from the rotating magnet synchro- 
nously with the rotating magnet 2. The signals from the 20 
magnetometers and the reference signals are input to 
the DC level shifter 40. as mentioned above, and then 
outputs are provided to a multiplier 51 of the digital lock- 
In 50. 

[0034] An output from the multiplier is provided to a 25 
\onif pass fitter 52 and filtered. Thereafter, an averaging 
unit 53 averages the outputs from the low pass filter 52. 
and provides an output. Typically, averaging unit 53 will 
provide 6-12 outputs (e.g., 3/magnetometer) depending 
upon the number of magnetometers. The outputs from 30 
the averaging unit 53 represents an estimate of the 
magnetic field from the respective magnets 2. 
[0035] Thereafter, the outputs are input to the algo- 
rithm processor 60 which selects a result based on an 
inversion method, as discussed below with reference to 35 
Figure 5. The result of the processor 60 is output to a 
display (e.g., cathode ray tube (CRT) monitor, printer, 
etc.) 70, if desired. It is noted that the display 70 does 
not constitute a component of the architecture of the 
computers. 

[0036] Referring now to Figure 5. the inversion 
method performed by the algorithm processor 60 is 
described. 

[0037] First, in step 501 , the magnetometer with the 
largest magnetic field is found based on the values 45 
(e.g., 6 to 12 values) provided by the averaging unit 53. 
Such a process can be performed by comparing each of 
the values to one another and selecting the largest 
value, and storing the same. 

[0038] Then, in step 502, the coordinate system is so 
rotated so that the vector field lies in two direction for 
that vector (e.g.. see the coordinate system of Figure 
1B). Using polar coordinates, only the ^ and 8 values 
are unknown. 

[0O39] Rnally, in step 503. the and 6 values are iter- ss 
atively searched to find the best location. The best loca- 
tion will be the value with the smallest "metric* (e.g.. 
smallest deviation between the predicted field and the 



measured field). Thus, the metric represents the "good- 
ness of f rt". Specifically, to find the "metric", the following 
equation is used: 

metric Jz^iBp^' 

[0040] The operation and tracking algorithm used by 
the conputer 8 are described below. 
[0041] In operation, the computer 8 (e.g.. muttipller 
51) multiplies the Input signal of each of the magnetic 
sensors 4 by a reference signal from the rotating mag- 
net 2 to produce a dc level which corresponds to the 
average magnetic field for that sensor 4 at the rotatbnal 
frequency. This concept Is exactly that of a lock-in 
implemented digitally. 

[0042] Thereafter, the output of the digital lock-in can 
be used with the inversion algorithm (e.g., inversion 
method), to convert the measured magnetic fields into 
the position of the magnet 2. 

[0043] Using the values of the magnetic fields at the 
measurement positions, the computer inversion algo- 
rithm converts the magnetic field values into a value 
representing the position of the magnet 2. 
[0044] Hereinbelow, one cycle of the operation of 
attaching the magnet to the catheter 3, insertion of the 
catheter into the body, and then taking a measurement 
of the position of the catheter, is described. 
[0045] The operation of the system is quite sinple. 
First, the magnet is attached to the catheter, and then 
the catheter is placed into the human body. The cathe- 
ter is normally rotated in order to make an uttrasonic 
measurement. 

[0046] Then, the sensor platform holding the sensors 
4 is placed near the body, and, by using the above 
desCTibed electronics and algorithm, the position of the 
rotating magnet, and hence the tip of the sensor, can be 
determined. 

[0047] It is noted that, while such a measurement 
above may be made with the magnet affixed directly to 
the catheter, the technique according to the present 
invention works significantly better for catheters which 
allow the magnet to be attached to a rotating flexible 
shaft 9 within the catheter 3. Such catheters 3 are typi- 
cally used to image ultrasonically the insides of tiood 
vessels and arteries around the heart or in the urinary 
track. Such rotation is made possible, for example, by 
the motor 20 mentioned above. 
[0048] As mentioned above, the three-dimensional 
imaging provided by the rotating magnet tracking of the 
present invention is highly accurate as compared to the 
two-dimensional imaging of the conventional tech- 
niques. 

[0049] Thus, rotating magnet tracking is advanta- 
geous in that it inexpensively provides instantaneous 
and exact positional information of the location of the 
catheter 3. Such instantaneous and exact positional 
location is obtained without the need for an accurate dc 
measurement of the magnetic f ieki of the hospital room 
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before the catheter is introduced, as in a non-rotating 
source. Additionally, the rotating source tracking can be 
performed easily in an ordinary hospital environment. 
[0050] With the invention, costs are mininnized since 
an extremely small rare earth magnet is positioned on a s 
tip ot a catheter which is an inexpensive and minimal 
alteration of the catheter. Further, the reliability and 
accuracy of the measurement are high, as compared to 
the conventional systems. 

10 

Claims 

1 . A method of tracking an object within a volume, the 
method comprising steps of: 

IS 

coLpling a rotating magnetic dipole to said 
object. 

measuring magnetic fiekis produced by the 
rotating magnetic dipole, to produce measure- 20 
merits; and 

based on sakj measurements, determining a 
position and an orientation of the rotating mag- 
netic dipole. thereby to determine a position of 25 
said object. 

2. The method according to claim 1 . wherein saki step 
of measuring magnetic fields produced by the mag- 
netic dipole comprises one of measuring the mag- 30 
netic fields remotely, on the surface of the volume 
and exterbr to the volume, to produce said meas- 
urements. 

3. The method according to claim 1 . wherein said step 35 
of determining conrprises: 

inputting said measurements to a processor, 
said measurements comprising signals repre- 
senting values ot the magnetic fields: 40 

filtering sakJ signals to produce filtered signals; 
and 

digitizing said filtered signals. 45 

4. The method according to claim 3, sakJ step of 
determining further comprising : 

recording a reference signal from the rotating so 
magnetic dipole synchronously with the rotat- 
ing magnetic dipole; 

performing a direct current (DC) level shift of 
sakl digitized signals and the reference signal. 55 
to reduce an offset from zero of an average 
magnetic fiekJ and produced a level-shifted 
value; and 



performing a digital lock-in operation based on 
said level-shifted value. 

5. The method according to claim 4, wherein said dig- 
ital lock-in operation comprises: 

multiplying each of said level-shifted values by 
a reference signal from the rotating magnet to 
produce a dc level which con'esponds to the 
average magnetic field for a respective sensor 
at a rotational frequency, to produce multiplied 
values; 

filtering sakl multiplied values by a low pass fil- 
ter; and 

averaging said multiplied values having been 
filtered, to provide average outputs, said aver- 
age outputs representing estimates of the mag- 
netic fields. 

6. The method according to claim 5, further compris- 
ing processing to select a result, said step of 
processing comprising: 

performing an inversion method, sad inversion 
method comprising: 

based on sakl multiplied values having been fil- 
tered, identifying a magnetic sensor having a . 
largest magnetic field; 

rotating a coordinate system of the magnetic 
sensor having the largest magnetic field such 
that a vector field tiiereof lies in two directions; 

using polar coordinates, iteratively searching 
for a combination of ^ and 6 values which pro- 
vide a smallest deviation between a predicted 
magnetic f iekl and a oieasured magnetic f ieki 
so to convert the magnetic fields Into a position 
of the rotating magnet 

7. The method according to claim 1 wherein tiie vol- 
ume is a human body, sakl magnetic dipole is a 
rare-earth magnet and sakl step of measuring mag- 
netic fields comprises one of measuring the mag- 
netic fieWs remotely, exterior to the body, to 
produce measurements. 

a The method according to claim 1 or 7. wherein said 
step of determining comprises: 

inputting said measurements into a processor, 
and said processor performing calculations to 
determine a position of the nnagnet. 

9. The method according to claim 8. wherein said step 
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of coupling said magnet to said object comprises 
coupling said magnet to a catheter for insertion into 
the volume. 

1 0. The method according to claim 1 or 7. further com- 5 
prising a step of: 

coupling a rotating shaft to said object, thereby 
providing a rotating tracking of said object. 

10 

11. A system for tracking an object in a volume, com- 
prising: 

a rotating magnet coupled to said object; 

15 

a detector for measuring magnetic fields exte- 
rior to the volume produced by said rotating 
magnet, to produce measurements; and 

a determining unit for determining, based on so 
said measurements, a position of the magnet 
thereby to determine a position of said object. 

12. The system according to claim 11, wherein said 
detector comprises at least two magnetometers. 25 
each of said at least two magnetometers compris- 

irig a three-axes magnetometer. 

13. The system according to claim 11, wherein said 
detector comprises at least two magnetometers for 30 
localizing the rotating magnet, said at least two 
magnetometers each comprising a three-axes 
magnetometer, each magnetometer providing three 
outputs thereof. 

35 

14. The system according to claim 1 1 . wherein at least 
two detectors are provided. 

said system further comprising a bandpass fil- 
ter for filtering outputs from said at least two 40 
detectors, thereby providing a band pass 
around a rotational frequency of the magnet, a 
filter being provided corresponding to each 
said at least two detectors; 

45 

an analog-to-digital (A/D) converter for convert- 
ing filtered outputs from said filter to digital val- 
ues representing the magnetic fields, said 
digital values being inputted into said determin- 
ing unit, said determining unit comprising a so 
computer. 

15. The system according to claim 14, further compris- 
ing: 

55 

a motor for rotating said magnet, and for pro- 
viding an alternating current (AC) reference 
synchronization signal to said A/D converter. 
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